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Abstract. We perform calculations of dark photon production and decay in the early uni-
verse for ranges of dark photon masses and vacuum coupling with standard model photons.
Simultaneously and self-consistently with dark photon production and decay, our calculations
include a complete treatment of weak decoupling and big bang nucleosynthesis (BBN) physics.
These calculations incorporate all relevant weak, electromagnetic, and strong nuclear reac-
tions, including charge-changing (isospin-changing) lepton capture and decay processes. They
reveal a rich interplay of dark photon production, decay, and associated out-of-equilibrium
transport of entropy into the decoupling neutrino seas. Most importantly, the self-consistent
nature of our simulations allows us to capture the magnitude and phasing of entropy injec-
tion and dilution. Entropy injection-induced alteration of the time-temperature-scale factor
relation during weak decoupling and BBN leads to changes in the light element abundance
yields and the total radiation content (as parametrized by Neff). These changes suggest
ways to extend previous dark photon BBN constraints. However, our calculations also iden-
tify ranges of dark photon mass and couplings not yet constrained, but perhaps accessible
and probable, in future Stage-4 cosmic microwave background experiments and future high
precision primordial deuterium abundance measurements.
Keywords: dark photon, big bang nucleosynthesis, beyond standard model, Stage-4 cosmic
microwave background experiment
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1 Introduction
The early universe and the increasingly sophisticated observations that constrain its history
together comprise a promising “laboratory” for dark sector physics. Vetting new physics with
this laboratory demands accurate modeling of the effects of this physics on the evolution of
key parameters in the early universe and the impact of those effects on observables. In this
paper we examine in a self-consistent way how dark photons in a specific range of masses
and couplings with the standard model affect neutrino decoupling, associated relic energy
density, and light element abundances.
Weak interaction decoupling and big bang nucleosynthesis (BBN) in the early universe
are protracted and intertwined processes. Together they proceed over many Hubble times,
roughly spanning temperature regimes from T ∼ 10 MeV to T ∼ 10 keV. In strictly standard
model cosmology, neutrino charged- and neutral-current scattering on electrons and positrons
continues to facilitate energy and entropy transfer to the plasma of electrons, positrons, pho-
tons, and nucleons even down to temperatures near alpha particle formation (T ∼ 100 keV),
although the effectiveness of this transfer decreases significantly with falling temperature.
Likewise, charged current weak processes involving neutrinos and charged leptons continue
alteration of the neutron-to-proton (n/p) ratio throughout this epoch [1].
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If there are out-of-equilibrium Beyond Standard Model (BSM) particles decaying and
injecting energy and entropy into the plasma during the weak decoupling epoch, then there
will be an extra (over and above the standard model) entropy flow between the neutrino and
plasma sectors. This effect not only alters the n/p ratio from standard model cosmology,
but also changes the phasing of these quantities in time relative to the dynamics of nuclear
reactions involving light elements. In broad brush, these nuclear reactions proceed in the
context of a freeze-out from nuclear statistical equilibrium (NSE). In addition, entropy gen-
eration from out-of-equilibrium particle decay in such BSM scenarios will dilute the neutrino
radiation density and decrease the relativistic degrees of freedom (parameterized by Neff). In
principle, these alterations from standard cosmology can be calculated with a self-consistent
treatment of neutrino energy spectra, plasma temperature, and the strong, electromagnetic,
and weak nuclear reactions. A comparison of Neff and light element abundances (principally
deuterium and helium) emerging from this epoch with observationally-inferred values of these
allows us to explore BSM physics and in some cases to make constraints on the model pa-
rameters of this new physics. This program is all the more alluring given anticipated high
precision Stage-4 cosmic microwave background (CMB) experiments [2] (Neff and primordial
4He) and the advent of 30-m class telescopes [3, 4] (deuterium, hereafter D). The possibility
of increased precision in these measurements holds out the promise of better probes of BSM
and dark sector physics.
While there are several portals to dark sector physics, we choose to concentrate here
on the kinetic mixing portal of a dark photon [5, 6]. This portal is tractable and relatively
simple, yet possesses a potentially rich phenomenology of outcomes. Exploration of this
portal has gained popularity in recent years. In part, this is because a dark photon could
be a dark mediator between a dark sector and SM particles [7, 8]. This physics may also
explain the muon g−2 anomaly [9]. Moreover, standard model photons manifest as collective
modes (e.g., plasmons) in medium. These collective plasma effects can enable resonant (e.g.,
enhanced) dark photon-photon inter-conversion. In turn, this could produce unique and
fruitful dark sector signatures in various plasma environments ranging from compact objects
to the early universe [10–24].
For our purposes the dark photon will be a new U(1)′ vector particle that has a kinetic
mixing with the SM photon [5, 6]. Below the electroweak energy scale the relevant low-energy
vacuum Lagrangian we adopt for the dark and standard model electromagnetic sectors is
L ⊃ −1
4
FµνF
µν − 1
4
F ′µνF
′µν +
κ
2
FµνF
′µν +
1
2
mA′
2A′µA
′µ, (1.1)
where here, and hereafter, vector potential Aµ and field tensor F
µν will refer to the SM
photon and electromagnetic fields, while the primed versions, A′µ and F ′µν , will refer to the
corresponding dark photon field. Here κ is the vacuum kinetic mixing parameter and mA′ is
the dark photon mass. As for the origin of mA′ , it could come from a new Higgs mechanism
with new light degrees of freedom, or from the Stueckelberg mechanism in which a very
heavy dark sector Higgs boson has been integrated out from the theory. In this work, we will
consider only the Stueckelberg mechanism alternative.
Previous work investigating the effect of dark photon decay on light element synthesis
in the early universe suggested constraints on ranges of dark photon mass and coupling
parameter space [25]. Specifically, the authors in Ref. [25] consider the electromagnetic and
hadronic energy injection from dark photon decay, the subsequent photo-dissociation of light
nuclei, and the creation of a neutron excess. Their abundance-derived bounds are based on
– 2 –
the following features of their calculations: (1) D and 4He are under-produced relative to
standard model cosmology, a consequence of out-of-NSE (“post-BBN”) destruction of nuclei
when the dark photon decays to e+e−; (2) D and 4He over-production stemming from an
increase in the n/p-ratio when the dark photon decays to pi+pi− or K+K− prior to NSE-
freezeout, T > 100 keV; and (3) D over-production from an injection of neutrons facilitated
by dark photon decay. Comparing the calculated yields of D, 3He, and 4He with the precision
measurements of the D/H ratio from the high-redshift quasar absorption system [26, 27], they
exclude several regions in the model parameter space as shown in figure 10.
In addition to the dark photon considerations in Ref. [25], a generic scenario of sub-100
MeV thermal freeze-out of dark sector particles and electromagnetic energy injection from
their decays has also been studied, for example in Refs. [28, 29]. In particular, Ref. [28] has
included a full electromagnetic cascade (photon and electron) to study the photo-dissociation
of the primordial light elements abundances in the post-BBN epoch (T < 10 keV). This
study suggests constraints on late-decaying particles with lifetimes larger than 104 sec (i.e.,
post-BBN epochs). Reference [29] similarly incorporates an electromagnetic cascade, but
additionally evaluates the effects of a non-standard Hubble rate and baryon-to-photon ratio
on the predicted primordial nuclear abundances.
In this work, we follow the general scheme of Refs. [25, 28, 29], albeit with a completely
self-consistent treatment of nuclear reactions and temperature-time-scale factor phasing and
entropy flow between the neutrinos and the photon-electron/positron-baryon plasma, as de-
scribed above. However, we do not treat the post-BBN epoch (T < 10 keV), and we consider
dark photon masses only between 2 MeV and 200 MeV. In that range of dark photon rest
masses, the dominant decay product is into e−/e+-pairs. We are interested in the range of
dark photon kinetic mixing in which the dark photons are produced abundantly early on and,
at the same time, have a lifetime such that they decay and inject entropy into the plasma at
a time which is in the general time frame of weak decoupling and BBN. In this scenario, the
entropy-per-baryon during the BBN epoch will start out with a lower value compared to the
CMB-determined value measured at a time (e.g., the recombination epoch at T ≈ 0.2 eV)
well after the end of BBN. Our calculations are then iterated so that out-of-equilibrium dark
photon decay injects the right amount of entropy into the plasma to give the correct CMB-
determined value. The upshot is that the plasma in the case of dark photon decay starts out
“colder” than in the case of standard cosmology, with entropy added by decay, altering the
time-temperature-scale factor relation over that of standard cosmology. This leads to two
consequences, both potentially of use in leveraging comparisons with observations into better
probes of dark photon mass and coupling.
The first is a consequence of entropy generated from the decay of dark photons deposit-
ing energy into the plasma. This phenomenon has an effect in some ways analogous to e+/e−
“annihilation” in the standard cosmology case. In the standard case, where the entropy in
a comoving volume (or entropy per baryon) is constant, the disappearance of the e±-pairs
in equilibrium means that the entropy they carried is transferred to the photon-electron-
baryon plasma, but not to decoupled neutrinos. Hence, eventually the “temperature” of the
decoupled neutrino component will be lower than that of the photons. Now consider what
happens if additionally, because of out-of-equilibrium particle decay, the co-moving entropy
is not constant. Entropy generation from dark photon decay dilutes the radiation energy
density (as parametrized by Neff) and makes the relic neutrinos even colder relative to the
photons than in the case of standard cosmology [30]. Some of the calculations we discuss be-
low also include a complete Boltzmann neutrino transport scheme, similarly self-consistently
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calculated along with all nuclear reactions and dark photon decay processes [31]. During the
protracted weak decoupling and BBN epoch, entropy transfer between the plasma and the
decoupling neutrinos is effected by out of equilibrium neutrino scattering on e± pairs, even at
temperatures well below T = 1 MeV. This late entropy transfer is a small effect in standard
cosmology, but may be larger in non-standard scenarios, such as the one we consider here.
The second consequence of out-of-equilibrium dark photon decay arises from the changes
in the history of weak, electromagnetic, and strong nuclear reaction rates that accompany
entropy injection and dilution. A beginning (lower) value of the entropy-per-baryon during
the BBN epoch means that the plasma starts out with a higher value of the baryon-to-photon
ratio, η, compared to the standard cosmology case. As entropy is added by dark photon decay,
the time-temperature-scale factor history is altered relative to that in standard cosmology.
Entropy is a significant determinant of the abundances of the light elements [32], affecting
both the NSE abundance tracks and the course of the nuclear reactions when the system
cools to the point where NSE cannot be maintained and individual nuclear reactions become
important. Moreover, the alteration in time-temperature-scale factor also affects the history
of the neutron-to-proton ratio, n/p. This ratio also influences both NSE and non-equilibrium
nuclear reactions. These effects combine to alter light element abundance yields, especially
for deuterium and helium, relative to those emerging from a standard cosmology.
The combined effects of dark photon out-of-equilibrium decay may alter each of, for
example, Neff and the primordial
2H and 4He yields in a way characteristic of the dark photon
mass and vacuum mixing with the standard model sector. This could enable a comparison of
our calculations to high precision observations to provide constraints on, or find signatures
of, dark photon physics.
In section 2 we discuss the physics of dark photon production and decay in the early
universe, specialized for the range of masses and standard model couplings as outlined above.
Appendices A, B, and C, expand on this physics, with discussions of the polarization tensor,
in-medium effects, and dark photon production rates, respectively. In section 3, we begin with
an exposition of the relevant thermodynamics of the early universe and a discussion of our
BBN and neutrino decoupling calculations. We then discuss entropy generation, alterations
of neutrino energy spectra, radiation energy density, and nucleosynthesis that accompany
dark photon production and decay. Conclusions are given in section 4. In what follows we
will use the natural units ~ = c = 1 throughout this paper unless otherwise specified. The
electric charge is e =
√
4piα ≈ 0.303 with α ≈ 1/137 being the fine-structure constant.
2 Thermally-produced dark photons in the early universe
In this section we describe our calculations for the production and decay of dark photons
in the early universe. For the ranges of dark photon masses and couplings to the standard
model and the epochs in the early universe we consider here, dark photon equilibrium does not
occur. Instead, competition between out-of-equilibrium dark photon production and decay
produces an ephemeral freeze-in abundance of these particles. Since the time history of this
population of dark photons determines the history of, for example, entropy generation and
dilution, and since our constraints are predicated on alteration of observables stemming from
those histories, our calculations must accurately capture the physical state of the plasma,
neutrino, and dark photon components self-consistently.
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2.1 Pair-annihilation in a dense medium
Freeze-in dark photons can be produced coherently via photon-dark photon adiabatic conver-
sion or incoherently from interactions with electromagnetic (EM) charge currents. While the
former production channel could play an important role in the relic dark photon production
at late times, it is suppressed for the case where mA′ > MeV, with peak production occurring
before or during BBN. This is because the scattering rate between photon and SM charged
particles at the resonance temperature is large enough that the build-up of the relative phase
between photon and dark photon states is strongly suppressed [11] – this is essentially a
quantum Zeno effect.
As for the latter production mechanism, there are several possible incoherent production
channels, e.g., Compton-like scattering, lepton-pair annihilation into one dark photon, or the
same annihilation into one dark photon and one SM photon. When T  me, Compton-like
scattering is the dominant channel for dark photon production. When T & me, pair annihi-
lation into one dark photon is the dominant channel. The same annihilation into one dark
photon and one SM photon is suppressed by a factor α ≈ 1/137 due to an additional vertex
which makes this channel subdominant. In this work we are interested in the dark photons
that are produced abundantly early on, and then decay away during the weak decoupling and
BBN epochs. The ranges of dark photon mass and standard model couplings we consider,
together with this target range of decay lifetime, picks out epochs with T & me where lepton-
or quark-pair annihilation into one dark photon are the dominant production channels.
In general, the conditions of finite temperature and density characteristic of the early
universe plasma will affect the pair-annihilation dark photon production rate [33, 34]. The
origin of these effects can be put into the language of classical physics: the electric field
of the propagating EM wave causes acceleration of free electrons in the medium, altering
the dielectric function (dispersion relation) of the EM wave. This in-medium plasma effect
produces a standard model (SM) photon self energy. If there is dark photon kinetically mixed
with SM photon, then this effect also alters the effective kinetic mixing between SM photon
and dark photon. A consequence of this is an enhanced dark photon emission rate.
The plasma medium-induced self-energy of a SM photon is described by adding an
additional potential term −12AµΠµνAν to the vacuum Lagrangian in equation (1.1), where
Πµν is the EM polarization tensor. Rotating away the kinetic mixing term and projecting
the vector fields onto one single polarization at a time, we obtain the in-medium Lagrangian
for polarization a presented in the mass basis quantities A˜a (or F˜a,µν) and A˜
′
a (or F˜
′
a,µν) as
(see appendix B)
LIM,a ⊃− 1
4
F˜a,µνF˜
µν
a −
1
4
F˜ ′a,µνF˜
′µν
a +
1
2
mA′
2A˜′a,µA˜
′µ
a
+
1
2
piaA˜a,νA˜
ν
a + e
(
A˜a,µ +
κm2A′
m2A′ − pia
A˜′a,µ
)
Jµem,
(2.1)
where a is either one of the two transverse modes (±T) or the longitudinal mode (L), and Jµem
is the electric charge current. The function pia = pia (ω,k) is the EM polarization function
for the polarization state a. Explicit forms for these are given in equations (A.4) and (A.5).
From the last term in equation (2.1), we see that the effective coupling between the dark
photon A˜µ
′
and the standard model electric charge current Jµem is
eκeff,a =
e κm2A′√(
m2A′ − Re pia
)2
+ (Im pia)
2
. (2.2)
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Figure 1. Contours of constant dark photon life time τA′ (in seconds) as functions of κ and mA′ .
Certainly, the physics should be independent of the basis we choose. So in the following
discussion, we will refer to the rotated (mass state) A˜′ as the dark photon and designate this
simply as A′.
The physical meaning of the real and imaginary parts of pia follows from considerations
of finite temperature field theory. The real part can be interpreted as the effective photon
mass in the plasma. With the polarization vectors chosen in equations (A.1) and (A.2), the
dispersion relation for EM waves follows the form ω2 = |k|2 + Re pia for a = ±T and L.
The imaginary part of pia describes the rate at which the non-equilibrium dark pho-
ton distribution function evolves toward thermal equilibrium. Quantitatively, it is Im pia =
−ω
(
ΓabsAa − Γ
prod
Aa
)
, where ΓabsAa and Γ
prod
Aa
denote the absorption rate and spontaneous pro-
duction rate, respectively [35]. In a local thermal (steady state) equilibrium, detailed balance
would dictate that ΓprodAa = e
−ω/TΓabsAa .
Specifically, ΓprodAa in this work denotes the annihilation rate for lepton or quark pairs
into one SM photon and is evaluated as (see appendix C)
ΓprodAa (ω) =
1
2ω
∫
d3p
(2pi)3 2Ep
d3q
(2pi)3 2Eq
1
eEp/T + 1
1
eEq/T + 1∑
spin
|Mll¯→Aa |2 (2pi)4 δ(4) (k − p− q) ,
(2.3)
where Mll¯→Aa is the matrix element for lepton-pair (momenta p and q) annihilation to one
vector boson through a standard EM vertex and the sum is over initial lepton spin states.
As a result, the dark photon emission rate in a dense medium is κ2eff,aΓ
prod
Aa
. The evolution of
the total number density of dark photons can be calculated from the Boltzmann equation as
n˙A′a + 3HnA′a =
∫
d3k
(2pi)3
κ2eff,a Γ
prod
Aa
(ω)− nA′a τA′−1, (2.4)
where H is the Hubble parameter and τA′
−1 is the dark photon decay rate and is given by [25]
τA′
−1 =
1
3
ακ2mA′
(
1 + 2
m2l
mA′2
)√
1− 4 m
2
l
mA′2
, (2.5)
with ml the appropriate lepton rest mass. In figure 1, we show the contours of dark photon
lifetime, τA′ , as functions of κ and mA′ .
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Figure 2. Dispersion relations of the transverse and longitudinal modes for SM photons in a relativis-
tic plasma. The solid curves denote the SM photon dispersion relation at various plasma temperatures.
The black dashed curve denotes the dispersion relation of a dark photon model with mA′ = 100 MeV.
(left) The transverse SM photon dispersion relation curve crosses the dark photon dispersion relation
curve in the range 8mA′ . T . 10mA′ . Emission of dark photons in either of the two transverse
modes is resonantly enhanced in this temperature range. (right) The longitudinal SM photon dis-
persion relation curve crosses the dark photon dispersion relation curve when T > 10mA′ . Emission
of dark photons in the longitudinal mode is resonantly enhanced in this range. (inset) The insets
show a restricted range in |k| where the dispersion relations are close to their asymptotic limits with
respect to one another.
2.2 Resonant vs. continuum production
It is clear from the effective coupling expression in equation (2.2) that the dark photon
production rate is enhanced when mA′ = Re pia. Satisfying this “resonance” condition is
tantamount to mode matching, requiring a mode solution (ω,k) such that the dispersion
relation for the dark photon is ω2 = |k|2 + m2A′ and that for in-medium photon mode is
ω2 = |k|2 + Repia (ω,k). We can explore the range of temperature conditions in the early
universe where the resonance condition can be satisfied by graphically showing the dark
photon and in-medium SM photon dispersion relations. We show these in figure 2 for both
longitudinal and transverse modes in a relativistic plasma (T  me). From these plots, we
see that: (1) resonant dark photon emission of the transverse mode occurs in a narrow range
of temperature between 8mA′ and 10mA′ ; and (2) resonant emission of longitudinal mode
occurs at T & 10mA′ , which is much higher than the temperature condition for the transverse
resonance. In both cases, however, the resonant emission always ceases as T . 8mA′ .
When the kinetic mixing is off-resonance, i.e., |mA′2 − Re pia|  |Im pia|, the effective
coupling constant becomes e2κ2eff,a = e
2κ2mA′
4/
(
mA′
2 − Re pia
)2
. In the low temperature
regime where Re pia  m2A′ , the effective kinetic mixing reduces to the vacuum value κ.
The continuum dark photon emission width in this regime is just κ2Γproda . In the high
temperature regime where Re pia  m2A′ , the effective coupling reduces to κmA′4/Re pia2,
so the continuum emission rate is suppressed by a factor mA′
4/Re pia
2 relative to the rate
in the low temperature regime [17]. Moreover, there is always more time to produce dark
photons at low temperatures than at high temperatures because the Hubble expansion rate
in these radiation dominated conditions drops with decreasing temperature, H ∼ T 2/mpl
with mpl the Planck mass. As a result, the continuum dark photon production is always
more significant at low temperatures than at high temperatures.
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Figure 3. Evolution of the ratio of dark photons to baryons plotted against plasma temperature for
a model where mA′ = 100 MeV and κ = 10
−10. Red (blue) lines give the transverse (longitudinal)
mode. For a given mode, dotted lines show the production history if we ignore plasma effects at
all temperatures, i.e., κeff,a = κ. The result of ignoring the plasma effects gives the continuum
contribution. Conversely, solid lines show the complete production history if we include the plasma
effects encapsulated in equation (2.2). The dashed black line gives the total number of dark photons
for the three modes (a = ±T,L) in the full solution. Resonant production within the plasma occurs
at early times (T & 8mA′) while continuum production dominates at late times (T . mA′).
We would like to understand the role of the resonant production channel in contributing
to the overall dark photon yield, and assess its significance relative to continuum production.
As an example, in figure 3 we show the dark photon production history for a specific dark
photon mass mA′ = 100 MeV. The solid lines show the full solutions for dark photon emission
with in-medium plasma effect included. The solid lines are color coded for longitudinal
and transverse modes. On the other hand, the dashed lines show the production histories
when no plasma effects are included. The rapid rise in dark photon number density in the
temperature range 8mA′ < T < 10mA′ , and at T > 10mA′ , is a consequence of resonant
production of transverse and longitudinal modes. These histories agree with those shown in
figure 2. For the lepton/quark-pair annihilation production channel, we can conclude from the
calculations shown in the figure that longitudinal mode resonant production is insignificant
relative to resonant transverse mode production. See, for example, Ref. [15] for a discussion
of stellar conditions in the regime where the dark photon mass is less than the plasma
frequency, mA′ < ωp, and where, consequently, the resonant dark photon emission production
of longitudinal modes dominates over the resonant transverse mode production rate. On the
other hand, the continuum production rates for both transverse and longitudinal modes are
initially small at T > 10mA′ as a consequence of the extra suppression factor mA′
4/Repia
2,
but these eventually dominate the total dark photon emission when T . mA′ . Comparing
the full and continuum solutions, we see that: (1) resonant production is important only
at T & 8mA′ ; and (2) eventually the continuum production dominates over the resonant
production. Overall, the dark photon yield from the resonant production channels contributes
only O (. 5%) to the total dark photon abundance at T ≈ 0.1mA′ .
For the numerical simulations presented in the following sections, we include only the
continuum emission channels for dark photon production in both the transverse and longi-
tudinal modes. Resonant emission is not included in these calculations.
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3 Alteration of relic neutrino density and nucleosynthesis yield
The key result of out of equilibrium dark photon decay will be to add entropy, altering the
time-temperature-scale factor relationship relative to a standard-model-only cosmology. The
final baryon-to-photon ratio of the universe we live in is a measured quantity. We can infer
the entropy per baryon from this quantity. The entropy per baryon, in units of Boltzmann’s
constant kb, for the plasma of electrons, positrons, and photons is
spl =
(
pi4
45 ζ (3)
)(
g?S
η
)
≈ (5.91× 109) (g?S
2
)(6.09× 10−10
η
)
,
(3.1)
where η ≡ nb/nγ is the baryon-to-photon ratio and g?S is the effective number of degrees of
freedom carrying the entropy [32]. The PLANCK satellite derives ηcmb = 6.09 × 10−10 at
the time of recombination (T ∼ 0.2 eV) [36], which yields spl,cmb = 5.91× 109. In standard
cosmology with temperature low enough that the baryon number is conserved, spl is a co-
moving invariant. With the presence of entropy injection from dark photon decay, however,
the plasma would start out with a lower value of spl so that its final value at the recombination
epoch will match the CMB-determined value, spl,cmb.
3.1 Entropy generation and BBN computation
We use our code burst [31] to calculate the effects of the production and decay of dark
photons during the weak decoupling and BBN epochs. burst primarily evolves the plasma
temperature, neutrino energy spectra, and primordial abundances through these epochs.
Adding dark photon physics to this calculation induces three related changes to the standard
model case, namely
1. A different Hubble expansion rate H,
2. A different plasma temperature versus scale factor (and time) history,
3. An evolving baryon-density and spl.
To self-consistently follow the three changes we introduce an energy-density variable for the
dark photons
ρA′ = mA′nA′ , (3.2)
where nA′ is the total proper number density of dark photons as given by the solutions to
equation (2.4). In writing equation (3.2) we have ignored the kinetic contribution to the dark
photon energy density. Therefore, our calculations give underestimates of the effects induced
by the presence of dark photons. Neglecting the kinetic energy content of the dark photon
field makes only small changes, especially where most decays occur for mA′  Tdecay.
We add ρA′ to the energy densities of the other components to calculate the Hubble
expansion rate H. During dark photon production and decay, we assume the energy density
of the electromagnetic plasma instantly equilibrates, which induces a change in the plasma
temperature time-derivative [37]
dT
dt
= −3H
ρpl + Ppl +
1
3H
dQ
dt
∣∣∣∣
T
dρpl
dT
, (3.3)
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Figure 4. Relative differences from FD [equation (3.8)] for a dark photon model (dotted) and
standard cosmology (solid) versus  at freeze-out. The parameters for the dark photon model are
mA′ = 10 MeV and κ = 2× 10−10.
where ρpl is the energy density of the plasma (less baryons); Ppl is the pressure exerted
by all plasma components; dQ/dt|T is the rate of heat gain or lost from nuclear reactions,
neutrino scattering/decoupling, and dark photon evolution; and dρpl/dT is the temperature
derivative of the plasma energy density components (including baryons). We model the
energy subtraction (injection) from dark photon production (decay) using the heat sink
(source)
dQ
dt
∣∣∣∣
T
= −dQ
dt
∣∣∣∣
nuc
+
dQ
dt
∣∣∣∣
ν
− dQ
dt
∣∣∣∣
A′↔ll
, (3.4)
= −dQ
dt
∣∣∣∣
nuc
+
dQ
dt
∣∣∣∣
ν
+mA′
dnA′
dt
. (3.5)
(3.6)
An injection of heat will raise the entropy per baryon within the plasma spl, which is equiva-
lent to diluting the baryon number density. Therefore, we start with a low entropy-per-baryon
and allow the dark photon decays to raise the entropy per baryon (or lower the baryon num-
ber density) to a value consistent with photon decoupling, namely spl = 5.91× 109 [36]. For
each dark photon model (set of dark photon mass and coupling parameters), we iterate on
the starting entropy to find the final entropy consistent with Ref. [36], spl,cmb.
3.2 Neutrino Spectra
As the dark photons decay, they inject heat into the electromagnetic plasma. This heat flow
changes the temperature of the plasma giving a different thermal history for the early universe
as compared to the standard cosmology. For the dark photon masses we consider in this work,
the neutrinos cannot directly partake in this heat flow from dark photon decay. However,
a warmer plasma will precipitate a larger heat flow from the plasma into the neutrino seas
during neutrino decoupling. As a result, dark photon decays do affect the neutrino spectra
indirectly.
As an illustrative example, we take a specific case for dark photon rest mass and coupling
to the standard model and calculate in depth how the production and decay of this particle
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Figure 5. The plasma (blue) and neutrino (red) entropies per baryon versus Tcm for a dark photon
model. The parameters for the dark photon model are mA′ = 10 MeV and κ = 2× 10−10. The black
dashed line is the entropy per baryon as inferred from the CMB in Ref. [36].
affects weak decoupling and entropy flow. In particular, we show the neutrino energy spectral
distortions and the evolution of entropy in figures 4, 5, and 6. For this example case we choose
mA′ = 10 MeV, κ = 2× 10−10, (3.7)
and use the standard cosmological model (i.e., a zero dark photon density) for a baseline
comparison. We have picked this particular dark photon model in equation (3.7) because of
the associated large change in the entropy per baryon during neutrino decoupling. Figure 4
shows the relative changes in the occupation number from FD (Fermi-Dirac) equilibrium
δf() =
f()− f (eq)()
f (eq)()
, f (eq)() =
1
e + 1
, (3.8)
plotted against the comoving invariant  = Eν/Tcm, where Eν is the neutrino energy and
Tcm is a proxy for (inverse) scale factor [38]. Solid curves give the deviations from FD
equilibrium in the case of the standard cosmology, whereas the dotted lines are for the dark
photon model in equation (3.7). The blue curves are for the electron-flavor neutrino and the
red for µ-flavor. The τ -flavor neutrinos are degenerate with µ-flavor and the antineutrinos
are degenerate with the neutrinos in our model of neutrino transport sans oscillations. The
black dashed line at zero represents FD equilibrium. The dashed and solid lines deviate from
one another, showing two unique histories for neutrino decoupling, one with the dark photon
with the assumed parameters, one without.
As the dark photons decay, the entropy increase in the plasma dilutes the neutrino seas
and changes the thermal history of the early universe. We show the entropic history for the
dark photon decay scenario in figure 5. In this figure, entropy is plotted as a function of
the comoving temperature quantity, Tcm. The blue curve gives the entropy per baryon in
the plasma, spl, and the red curve the entropy per baryon residing in the neutrino seas, sν .
We calculate the plasma entropy from equilibrium thermodynamics. The neutrino seas are
out-of-equilibrium so we calculate that entropy using non-equilibrium statistical mechanics,
i.e., Boltzmann neutrino energy transport (see section IV in Ref. [31]). Both quantities count
the number of microstates available to the two subsystems. The dashed black horizontal line
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Figure 6. Differential νe number densities scaled by plasma temperature [equation (3.12)] for a dark
photon model (dotted) and standard cosmology (solid) versus  at freeze-out. The parameters for the
dark photon model are mA′ = 10 MeV and κ = 2× 10−10.
in figure 5 is the entropy-per-baryon inferred from Ref. [36]. There is a small increase in sν
arising from neutrino transport and equivalently encapsulated in the dotted curves of figure 4
at freeze-out. This small increase is accompanied by a small decrease in spl which is dwarfed
by the large increase in the entropy from dark photon decay. The phenomenon of dilution is
the increase in the ratio of the entropic quantities from early times to late. The change in
the entropy gives a nonstandard thermal history for the early universe. We can summarize
the thermal history using the ratio of Tcm to T at freeze-out
Tcm
T
∣∣∣∣
f.o.
= 0.7082 mA′ = 10 MeV, κ = 2× 10−10, (3.9)
Tcm
T
∣∣∣∣
f.o.
= 0.7138 Standard Cosmology (SC). (3.10)
Figures 4 and 5 show that the neutrinos experience two competing and opposing effects:
an increase in the heat flow from the plasma to the neutrino seas at the level of a few percent
deviation (figure 4); and dilution of the neutrino seas at a level of 20% (figure 5). The former
effect raises the number of neutrinos at a given energy bin  and Tcm, which we write as a
differential number density
dni
d
= T 3cm
2
2pi2
fi(), (3.11)
for a given neutrino flavor i. The later effect decreases the number of neutrinos with respect to
photons which we encode in the ratio of Tcm/T . Figure 6 encapsulates both effects, showing
a scaled differential number density
1
T 3
dn
d
=
(
Tcm
T
)3 2
2pi2
f(), (3.12)
plotted against . We only plot the scaled differential number densities for electron-flavor
neutrinos in the dark photon decay scenario (dotted line) and the standard cosmology (solid
line). The µ-flavor quantities are qualitatively identical. The scaled differential number
density is a scale-dependent quantity, so we plot figure 6 at the respective freeze-out epochs
for each scenario which would occur at different T and Tcm.
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Figure 7. Contours of constant initial-to-final entropy ratios (spl,i/spl,f ) plotted in the κ versus mA′
parameter space. The contours with values below 1.0 indicate an increase in entropy due to the dark
photon production and decay.
The previous exposition has delved into the details of neutrino transport with dark
photons. For the specific model we considered, the dominant effect on the neutrino number
density (and by extension energy density) was dilution. Energy flow from neutrino transport
adds on order an 1% increase to the total neutrino energy density. The increase is dependent
on the particular model of dark photons. O (1%) contributions may be important in future
high-precision modeling of BSM cosmologies and we emphasize the need for such calcula-
tion if/when the data warrant it. For the purposes of this work, we will focus on dilution
when discussing the dark photon parameter space in its entirety, and discuss sub-dominant
transport effects for specific models.
3.3 Radiation energy density
The first observable consequence of entropy injection and dilution is decreasing the neutrino
radiation energy density (as parameterized by Neff) compared to the value predicted in the
standard cosmology. In this subsection, we first calculate the dilution effect in the dark
photon model and show the changes in Neff for the full model parameter space; this would be
for the case without including energy transport between neutrinos and the plasma. We then
discuss the effect of neutrino-energy transport on Neff for a few sets of dark photon model
parameters and show the non-linear scaling of the Neff correction with either mA′ or κ.
3.3.1 Sharp neutrino decoupling
The energy density of the neutrino seas is solely a function of Tcm
ρν = 6
(
7
8
)(
pi2
30
)
T 4cm (3.13)
when ignoring out-of-equilibrium contributions. The CMB power spectrum is sensitive to
the radiation energy density, ρrad, of the early universe, which we parameterize using the
quantity Neff and plasma temperature T
ρrad =
[
2 +
7
4
(
4
11
)4/3
Neff
]
pi2
30
T 4. (3.14)
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Figure 8. Contours of Neff are shown for values of dark photon mass mA′ and mixing parameter κ.
For reference, we also plot the QED-only prediction of Neff = 3.011 in the absence of neutrino-energy
transport. The blue contour is down from 3.011 by 1σS4 where we quote the measurement uncertainty
1σS4 = 0.027 from the CMB Stage-4 science book [2].
If we take the radiation energy density to be the sum of the photon and neutrino components,
we find
Neff = 3
(
11
4
)4/3(Tcm
T
)4
. (3.15)
After weak decoupling, dark photon decay injects entropy only into the electromagnetic
plasma. This process results in the dilution of both the baryon number and the neutrino
energy densities. If spl,i is the entropy per baryon in the plasma at an initial epoch, and spl,f
is the same quantity at a final epoch, then the ratio behaves like the following
spl,i
spl,f
=
 2pi245 g(i)?ST 3i
2pi2
45 g
(f)
?S T
3
f
(nb,f
nb,i
)
=
g
(i)
?S
g
(f)
?S
(
Tiai
Tfaf
)3
=
11
4
(
Tcm
T
)3
f.o.
, (3.16)
where we have selected the initial epoch such that Tcm,i = Ti and the final epoch such that
the ratio Tcm/T has reached a freeze-out value, i.e., all of the plasma entropy resides in SM
photons. Figure 7 shows the contours of spl,i/spl,f in the κ vs. mA′ parameter space. All
contours are less than or equal to unity, showing that the physics of dark photons precipitates
dilution.
If we compare equation (3.16) to equation (3.15) evaluated at freeze-out, we find
Neff = 3
(
spl,i
spl,f
)4/3
. (3.17)
As a result, we expect contours of Neff to correspond directly to the contours of spl,i/spl,f in
figure 7. That is, a smaller value of spl,i/spl,f (a larger dilution effect) would lead to a smaller
value of Neff (a more diluted neutrino radiation density). Figure 8 shows the contours of Neff
as functions of κ and mA′ in the case of dark photon decay. Indeed, the Neff contours do
follow the same general trend of the dilution contours in figure 7. For low mA′ , a large value
of κ induces rapid dark photon production and results in a non-negligible abundance. In
addition, peak production occurs in the temperature range 0.1mA′ . Tpeak . mA′ . For the
low end of our mass-range study, peak production occurs after the sharp neutrino decoupling
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mA′ [MeV] κ Neff (QED only) Neff (w/ trans.) Diff Diff/σS4
SC 3.0113 3.0442 0.0329 1.2201
2.0 1× 10−12 3.0097 3.0426 0.0329 1.2192
2.0 1× 10−11 2.9961 3.0289 0.0327 1.2128
2.0 1× 10−10 2.8944 2.9237 0.0293 1.0834
2.0 1× 10−9 2.7201 2.7152 -0.0049 -0.1838
2.0 1× 10−8 2.6934 2.6838 -0.0096 -0.3560
10.0 2× 10−12 3.0101 3.0430 0.0329 1.2188
10.0 2× 10−11 2.9983 3.0306 0.0323 1.1970
10.0 2× 10−10 2.9012 2.9147 0.0135 0.5009
10.0 2× 10−9 2.7110 2.8807 0.1697 6.2866
10.0 2× 10−8 2.6656 2.8894 0.2238 8.2284
Table 1. Table of values related to Neff . First and second columns are the dark photon mass and
coupling, respectively. Third and fourth columns are the value of Neff with only QED effects and with
transport included, respectively. Fifth column is the difference between the fourth and third columns.
Sixth column is that difference scaled by the uncertainty in Neff as forecast by CMB Stage-4 [2]. The
first row gives the values calculated in the standard cosmology with our code.
we have instituted for the parameter space scan. This added entropy from dark photon
decay dilutes the thermal neutrino seas and lowers Neff to a value smaller than 3. At large
κ and mA′ & 100 MeV, the dark photons are both created and decay away before neutrino
decoupling, and thus there is little or no dilution on the neutrino energy density. The
difference in the contour patterns between figures 7 and 8 is a result of how we calculate the
initial entropy. We fix the initial epoch at T = 30 MeV regardless of mA′ . For large mA′ ,
the entropy is changing in this initial regime and so the respective contours in figure 7 do
not meet the criteria used to derive equation (3.17), and hence diverge from the more precise
contours of figure 8.
We plot a blue contour at Neff = 2.984 on figure 8. This contour uses a 1σS4 = 0.027
uncertainty in Neff from a CMB Stage-4 forecast [2]. The 1σS4 difference is between the
contour level and the QED-only prediction of Neff = 3.011 in the absence of heat flow from
neutrino-energy transport [38]. The specific location in the dark-photon parameter space for
the 1σ contour would be the same if transport were to add an offset to all of the contour
levels, although Neff would take on a value ≈ 3.02 for the 1σ contour in that scenario.
However, this procedure relies on the assumption that the effect of transport is independent
of the dark photon physics. We expand upon this detail in the following section.
3.3.2 Effects from neutrino energy transport
The contours of Figure 8 are for a model of neutrino decoupling which does not include energy
transport between neutrinos and charged leptons. In this scenario, the baseline QED-only
calculation would yield ∆Neff ≡ Neff − 3 = 0.011, where the departure from exactly three is
due to finite-temperature QED effects which change the entropy of the plasma [39, 40] (see
also Ref. [41] for a detailed treatment of QED effects in the early universe). In SC calculations
of Neff with neutrino transport, the effect of entropy/energy flow from the electromagnetic
plasma to the neutrino energy seas increases Neff . The sole process of neutrino energy
transport yields 0.033 < ∆Neff < 0.035 [42–47]. In general, the effects from transport and
– 15 –
QED corrections cannot be incoherently summed to give the total change to Neff . The QED
effects change the plasma temperature, which changes the rate of heat flow into the neutrino
seas, which feeds back on the plasma temperature. However, in practice, this feedback loop
is not important at the level of uncertainty in Neff [36], and summing the two contributions
gives a range 0.043 . ∆Neff . 0.046. A possible interpretation of this result is that the
correction on Neff from transport is a constant offset.
We ask the question as to whether transport provides an offset to Neff in the BSM
scenarios with dark photons. In Table 1, we show various values of Neff with and without
transport for a selection of dark photon masses and couplings. For the models with mA′ =
2.0 MeV, we see that Neff decreases with increasing κ whether transport is included or not.
The difference between the two calculations also decreases with increasing κ, but for κ ≥ 10−9,
the difference between the two calculations is negative. For these two models, the cooling
of the plasma from dark photon production occurs during weak decoupling and induces an
entropy flow from the neutrino seas to the plasma – the reverse of the process in the SC case.
When dark photons begin to decay and warm the plasma, weak decoupling has nearly ceased
and the neutrino seas do not partake in the increase in radiation energy density. For the
models with mA′ = 10.0 MeV, we see that transport always increases Neff for the range of
values of κ in Table 1. The difference between the two calculations decreases with increasing
κ, until κ = 2 × 10−10, which also is the model studied in detail in section 3.2. For models
with κ ≥ 2 × 10−9, transport precipitates larger heat flows than the baseline case of the
SC, as shown in the first data row of Table 1. Although we only show full neutrino energy
transport calculations for a small region of the parameter space in figure 8, it is clear that
corrections from transport scale non-linearly with either mA′ or κ and cannot be treated as
an offset at the level of future precision.
3.4 Nucleosynthesis
Another observable consequence of entropy injection and dilution is the alteration of light-
element abundance yields. As discussed before, an entropy injection from dark photon decay
requires the plasma to start with a lower value of entropy per baryon such that dilution
causes spl to rise to the CMB-determined value, namely spl,cmb = 5.91 × 109. From the
scaling shown in equation (3.1), we see that a lower spl translates to a higher η, i.e., the
primordial nucleosynthesis environment starts with more baryons in the plasma for the same
T than in the case of standard cosmology. This alteration changes the nuclear reaction rates
of light-element species relative to the standard cosmology case as the reactions freeze out
from the NSE.
At temperatures above 100 keV, the deuterium abundance is in NSE with the free
protons and neutrons. Once the free neutron abundance drops (principally from abrupt alpha
particle formation) , deuterium departs from the NSE trajectory. At this point, the evolution
of D/H proceeds out-of-equilibrium via the nuclear reactions, including but not limited to
n(p, γ)d, d(p, γ)3He, d(d, p)t, and d(d, n)3He. A precise determination of the freeze-out (and
hence primordial) ratio D/H requires data and calculations from ab initio [48, 49], lattice-
QCD [50], experimental [51], and phenomenological [52–55] sources. The results of those
efforts can be integrated into a BBN nuclear reaction network at the appropriate time to
yield high-precision absolute BBN predictions. For the dark photon parameter space we
study here, we anticipate that changes to D/H from updated reaction networks will not
depend on the dynamics of dark photon decay, i.e., the effect of an updated network is to
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Figure 9. Same parameter space as figure 8, except here we give the percentage change of the
primordial deuterium abundance yield in the dark photon model, D/H, as compared to our calculated
standard model physics and standard cosmology result, (D/H) |sc = 2.64 × 10−5. The red contour
is down from our standard model value by an assumed 1% uncertainty, i.e., σ = 2.64 × 10−7. The
coarseness of the contour at 0% is a numerical artifact.
linearly perturb a baseline value. As a result, we give our D/H results as relative differences
from a baseline instead of absolute abundance predictions.
Figure 9 shows the contours of primordial deuterium abundance yield as functions of
mixing parameter and dark photon mass in the case of dark photon decay. The plot is
presented as the percentage change of the primordial deuterium abundance in the dark photon
model, D/H, as compared to our calculated standard model and standard cosmology result,
(D/H) |sc = 2.64× 10−5. At large κ and low mA′ , dark photons are created abundantly and
their decay happens during BBN. That is, the plasma would start out with a lower value of
spl (or higher value of η) at the BBN epoch than in the case of standard cosmology. This
alters the final deuterium abundance yield. At large κ and mA′ & 100 MeV, dark photons
are both created and decay away too early (well before BBN) to have impact on primordial
nucleosynthesis.
We use D/H as the diagnostic for BBN in figure 9 because it is well measured and is
a priori the most sensitive to changes in entropy. Complementary to D/H, the helium mass
fraction, YP, is also well measured and sensitive to the neutron-to-proton ratio n/p. The rates
of the neutron-to-proton inter-conversion processes dictate the evolution of n/p down to low
temperatures. These rates are sensitive to the distributions of neutrinos, anti-neutrinos,
electrons, and positrons. In particular, four of these rates are sensitive to the dynamics of
dark photons, namely
νe + n↔ p+ e− (3.18)
e+ + n↔ p+ νe. (3.19)
As dark photons begin to decay, the temperature of the plasma increases. The Pauli blocking
factors for the charged leptons suppress the forward rate in equation (3.18) and also the
reverse rate in equation (3.19). Conversely, the FD occupation factors for the charged leptons
enhance the reverse rate in equation (3.18) and the forward rate in equation (3.19). However,
the two enhanced charged-lepton capture rates numerically differ from one another because
of the mass threshold needed for the reaction to occur, specifically the electron in the reverse
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Figure 10. The color-shaded regions show existing bounds on dark photon mass and mixing param-
eters (as in figures 8 and 9). These bounds, obtained in previous studies, include: SN1987a cooling
bound (dark grey) [56]; progenitor envelope bound from core-collapse SN (light grey) [57]; non-
observation of γ-rays from SN1987a (green) [58]; and BBN bounds derived from photo-dissociation
and neutron excess (orange, red, blue) [25]. Dark photon parameters lying along the blue line give
deviations in Neff which are 1σS4 (where the uncertainty is the CMB Stage-4 science book value,
1σS4 = 0.027) below our baseline SC-calculated result with neutrino transport, Neff = 3.044. Like-
wise, the red line shows the dark photon parameters giving a 1% deviation of our calculated deuterium
yield from our standard model and standard cosmology result, 105×(D/H) |sc = 2.64. The blue dotted
line denotes the location of the upper value of the dark photon mass range, 2 MeV ≤ mA′ ≤ 200 MeV,
studied in this work.
reaction in equation (3.18) must have enough kinetic energy (& 0.8 MeV) to change the
proton into a neutron. Increasing the temperature increases the phase space for the electron,
implying a larger rate for the reverse reaction in equation (3.18). The net effect on n ↔ p
inter-conversion is a slight decrease. We can make a similar argument with respect to the
neutrino-capture rates, where the anti-neutrino in the reverse reaction of equation (3.19)
has a threshold of ∼ 1.8 MeV, implying that a suppression in the individual rates leads
to a net increase in n ↔ p inter-conversion. These two effects (along with a change in the
Hubble expansion rate) cancel with one another, and n/p in the dark photon scenarios evolves
similarly to the SC. There is a net decrease in YP, but this decrease is at most 1 part in 10
3
and is dwarfed by the change in D/H.
Our argument above relies on equilibrium FD distributions for the charged leptons and
neutrinos. We showed in Table 1 that transport can induce changes in Neff larger than 5%.
The neutron-to-proton inter-conversion rates are sensitive to the out-of-equilibrium neutrino
energy distributions, so the possibility exists that transport can induce larger changes. In-
deed, the changes in YP from transport are an order of magnitude larger than those calculated
with equilibrium spectra alone. However, this change is only for the most extreme models in
our parameter space, is less than 1%, and still remains smaller than the relative changes in
D/H.
3.5 Summary of results
The main results of this work are summarized by the two solid lines in figure 10. The blue
line shows the Neff value that is 1σS4 down from our baseline SC calculation of Neff =
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3.044. Here we quote a measurement uncertainty 1σS4 = 0.027 from CMB Stage-4 [2]. Our
following conclusion includes the effect of neutrino-energy transport as a constant offset to
the dilution physics from dark-photon decay. We caution against applying such an offset to
all models. However, Table 1 shows that applying an offset is problematic for large values
of κ which the 1σ contour largely avoids, i.e., the top-left portion of figure 8. We suggest
the following interpretation of the blue contour in figure 10. Suppose future CMB Stage-4
experiments measure Neff within 1σS4 down from the SC-predicted value, Neff = 3.044. From
this outcome, we cannot conclude there is entropy generation and dilution from late decay of
dark photons during weak decoupling. In that case, we can exclude the narrow range of the
model parameter between the blue line and the light grey region (labeled as “SN explosion”)
from the dark photon model since that range of parameter space reduces the Neff by more
than 1σS4. As an alternative, suppose CMB Stage-4 experiments measure Neff more than
1σS4 down from Neff = 3.044. In that case, it suggests there may be late decay of dark
photons that cause the dilution of thermal neutrinos during the weak decoupling epoch.
The red line in figure 10 shows the deviation of the primordial deuterium abundance
yield corresponding to a value of D/H that is down from our calculated standard model
physics and standard cosmology value, (D/H) |sc = 2.64 × 10−5, by an assumed 1% un-
certainty, i.e., σ = 2.64 × 10−7. This 1%-level determination of the primordial deuterium
abundance has nearly been obtained via the observation of quasar absorption lines [59], which
gives (D/H) |obs = (2.527± 0.030) × 10−5. The mismatch of the deuterium abundance be-
tween our calculated standard model physics result and the measurement reported in Ref. [59]
is due to the uncertainties in our nuclear reaction network which we do not claim as a source
of tension. This source of uncertainty restricts us from making constraints on the model
parameters with the absolute value of D/H. However, we project that uncertainties from the
nuclear reaction network will be overcome in the near future (as discussed in section 3.4)
and that the D/H from the standard model physics and standard cosmology calculation can
eventually be directly compared to the observations. Under that assumption, we can make a
potential bound by applying an assumed 1%-level uncertainty to the deuterium abundance
yield in our calculation: for the model parameters circled by the red contour line (i.e., the
region at the top-left portion of figure 10), the predicted primordial deuterium abundance
with the indicated dark photon parameters is under-produced, that is, down by more than 1%
from our standard model value. Hence, these dark photon parameters could be potentially
ruled out.
We note that while our potential deuterium bound overlaps with the existing supernova
bounds [56, 57], it is obtained from a self-consistent treatment of weak decoupling and BBN
physics in the early universe environment. Therefore, our result provides a complementary
verification of the supernova bounds derived from the stellar cooling argument.
In figure 10, we also show the existing constraints on the dark photon model as the
various color-shaded regions. The dark grey region, labeled as “SN cooling”, is the bound
derived from the anomalous cooling of SN1987a due to the emission of dark photons [56]. The
light grey region, labeled as “SN explosion”, is the bound derived from the energy deposition
in the progenitor stellar envelopes via emission of dark photons in the proto-neutron star
core [57]. The green region shows the bound on the non-detection of gamma-rays, which are
produced from the decaying dark photons in supernovae [58]. These are the dark photon
bounds based on an energy argument; they show the constraints on dark photon model
parameters for mA′ . 100 MeV. Also included in figure 10 are the collected BBN bounds
from Ref. [25] based on the photo-dissociation of light nuclei and the creation of a neutron
– 19 –
excess; they are labeled as 4He, 3He/D and D/H.
4 Conclusion
Several conclusions can be drawn from the results of our calculations of dark photon pro-
duction and decay in the early universe. First, our treatment of these dark photon processes
allows for simultaneous, self-consistent calculation of electron-positron-photon-baryon and
neutrino physics throughout the weak decoupling and BBN epochs. Dark photons decaying
out of equilibrium during this extended period will inject entropy into the medium, leading
to time-dependent dilution that modifies how temperature depends on time and expansion,
and may modify charged current isospin-changing reactions and the neutron-to-proton ratio
history as well. Any such alteration of the time-temperature-scale factor relation from the
standard model prediction can result in a concomitant alteration in light element abundance
yields and Neff . Exploiting this fact allows us to identify ranges of dark photon mass and
couplings with standard model photons that are not currently constrained, but that may be
subject to constraint, or probes, with future high precision cosmological data. In particular,
CMB Stage-4 measurements promise significant improvements in the precision (∼ 1%) with
which the primordial helium abundance and Neff can be measured. Likewise, the primordial
deuterium abundance arguably is already known to high precision (∼ 1%), and the advent
of 30-m class telescopes promises to increase the confidence in this result.
Key uncertainties in BBN physics remain, for example, in the nuclear reaction rates
associated with deuterium production and destruction, and in the effects of quantum kinetic
evolution of neutrino flavor during weak decoupling [60]. Calculations of absolute light ele-
ment abundances and Neff cannot yet attain the projected precision of the observational data.
Consequently, we have presented here deviations of these quantities relative to our baseline
standard model calculations for ranges of dark photon properties. In the end, our results
suggest how to extend current limits on these, or even how to look for the “fingerprints” of
dark photons. The latter would be patterns of deviations in deuterium, helium, and Neff
unique to particular ranges of dark photon mass and standard model coupling that are not
otherwise constrained.
However, our calculations have revealed an issue which complicates high accuracy cal-
culations of the effects of dark photon production and decay in the early universe. One set of
calculations we did, the dark photon parameter survey calculations, are done self-consistently
but with an assumption that the neutrino component is completely decoupled. However, neu-
trinos do not decouple abruptly at the beginning of the weak decoupling epoch, ∼ 10 MeV.
The process of out of equilibrium scattering of neutrinos on e±-pairs continues to transfer
entropy from the plasma into the decoupling neutrino seas, introducing small distortions in
the relic neutrino energy spectra. This is a small effect in standard model cosmology, but
can be bigger in non-standard ones. For a set of selected dark photon mass and coupling
parameters we have performed fully self-consistent simulations that include full Boltzmann
neutrino transport to capture the effects of out of equilibrium neutrino scattering.
As described above, the results of the full transport calculations are sobering. For
some ranges of dark photon coupling and mass (the larger values in the ranges we con-
sider) we find that transport can alter the calculated deviations in D/H and Neff from our
decoupled-neutrino estimates by of order the projected CMB measurement uncertainties in
these quantities. This means that looking for the subtle fingerprints of dark photons (gener-
ally lower Neff and D/H but no change in primordial helium) by comparing observational data
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with calculations will require that those calculations include full scattering-induced neutrino
energy transport.
Probing a conjectured dark sector is an alluring prospect, but questions arise. How
unique are the fingerprint signatures revealed by the calculations discussed above? Conceiv-
ably, a particle other than a dark photon could decay in a way that mimics the entropy
injection and dilution history that accompany the production and decay history of a dark
photon. Moreover, we have assumed that the dark photon decay is entirely into standard
model particles which instantly thermalize. What if the dark sector is rich enough in struc-
ture that the dark photon has decay branches into other, presumably lighter, dark sector
particles? Were that the case, our calculations would be over-estimates of the entropy in-
jection. Likewise, what if the dark photon, or other dark sector particle, decays during the
weak decoupling epoch into standard model neutrinos? Again, entropy injection would be
altered but could be tractable with the Boltzmann neutrino transport code described above.
In any case, the weak decoupling and BBN epochs and are promising laboratories for
vetting new possibilities for dark sector and BSM physics. Future CMB and deuterium
measurements may provide tantalizing clues about a putative dark sector. Here we have
shown some of what must be done on the calculation side to translate those clues into
insights into new physics.
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A Electromagnetic polarization tensor
In this appendix we review the calculation of the transverse and longitudinal photon polar-
ization functions. Our discussion follows that in Refs. [33, 34].
For a photon field Aµ propagating in the z direction with the four-momentum k
µ =(
k0,k
)
= (ω, 0, 0, |k|), we choose the basis vectors of the transverse (±T) and longitudinal
polarization directions, respectively, as
eˆµ±T =
1√
2
(0, 1,±i, 0) , (A.1)
eˆµL =
|k|√
ω2 − |k|2
(
1, 0, 0,
ω
|k|
)
. (A.2)
Each basis vector is normalized, that is, eˆa
µeˆaµ = −1 for a = ±T or L. We parametrize the
photon polarization tensor in an unmagnetized and isotropic plasma as
Πµν (K) ≡
∑
a=±T,L
pia (ω,k) eˆ
µ
a eˆ
∗ν
a , (A.3)
where piT and piL are transverse and longitudinal polarization functions, respectively. The
leading order of Πµν is obtained by evaluating the one-loop photon self-energy insertion and
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taking the average over the fermion distributions. Approximating the momentum integral
by evaluating it at the characteristic fermion velocity, v∗ ≡ ω1/ωp, the analytic forms for
polarization functions to O (α) can be approximated as
piT (ω,k) =
3ω2p
2v2∗
(
ω2
|k|2 −
ω2 − v2∗|k|2
|k|2
ω
2v∗|k| ln
ω + v∗|k|
ω − v∗|k|
)
, (A.4)
piL (ω,k) =
3ω2p
v2∗
(
ω2 − |k|2
|k|2
)(
ω
2v∗|k| ln
ω + v∗|k|
ω − v∗|k| − 1
)
, (A.5)
where
ω21 ≡
4α
pi
∫ ∞
0
dp
p2
E
(
5
3
v2 − v4
)[
fl (E) + fl¯ (E)
]
, (A.6)
ω2p ≡
4α
pi
∫ ∞
0
dp
p2
E
(
1− 1
3
v2
)[
fl (E) + fl¯ (E)
]
. (A.7)
With the conventions used in equations (A.2) and (A.5), the dispersion relation is written in
the form ω2 = |k|2 + pia (ω,k) for a = ±T and L modes, and ωp is the plasma frequency. In
these expressions, fl and fl¯ are the lepton and anti-lepton occupation probabilities, respec-
tively.
The electrons and positrons in equilibrium in the high entropy-per-baryon plasma of the
early universe plasma are relativistic when T  1 MeV and these particles have negligible
chemical potentials (i.e., T  |µe+ |, |µe− |). In this limit, all electrons and positrons have
velocity v = v? = 1 and the plasma frequency is ωp =
√
4piαT 2/9.
In the limit of a non-relativistic and neutral electron-proton plasma (e.g., the plasma
in the sun), the transverse and longitudinal photon polarization functions are given as
piT (ω,k) = ω
2
p
(
1 + v2th,e
|k|2
ω2
)
, (A.8)
piL (ω,k) = ω
2
p
(
ω2 − |k|2
|k|2
)( |k|2
ω2
+ 3v2th,e
|k|4
ω4
)
, (A.9)
where vth,e ≡
√
T/me is related to the electron thermal speed. The plasma frequency in this
limit is ωp =
√
4piαne/me.
We note that another popular convention for the longitudinal basis vector is
eˆµL =
(
1, 0, 0,
ω
|k|
)
, (A.10)
and its corresponding longitudinal polarization function takes the form
piL (ω,k) =
3ω2p
v2∗
(
ω
2v∗|k| ln
ω + v∗|k|
ω − v∗|k| − 1
)
. (A.11)
With this convention, the dispersion relation for the longitudinal mode is |k|2 = piL. However,
throughout this paper we follow the convention used in equations (A.2) and (A.5).
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B In-medium effect to dark photon couplings
The effective couplings of a massive dark photon depends strongly on the properties of
SM photon polarization in the dense medium. In this appendix we review the in-medium
Lagrangian and the conditions required for resonant dark photon emission [61].
The self energy of the photon field Aµ in a dense medium is described by including an
additional potential term −12AµΠµνAν in the vacuum Lagrangian in equation (1.1). After
making a field redefinition Aµ → Aµ + κA′µ to rotate away the kinetic mixing term, the
in-medium Lagrangian of the relevant terms to O (κ) becomes
LIM ⊃ −1
4
FµνF
µν − 1
4
F ′µνF
′µν +
1
2
mA′
2A′µA
′µ− 1
2
AµΠ
µνAν −κAµΠµνA′ν + e(Aµ +κA′µ)Jµem.
(B.1)
Next, we project the photon and dark photon fields onto transverse (±T) and longitudinal
(L) directions and consider only one polarization at a time. This can be done by decomposing
a given vector field V µ into its three polarization states as
V µ =
∑
a=±T,L
Vaeˆ
µ
a ≡
∑
a=±T,L
V µa , (B.2)
where again each basis vector satisfies eˆa
µeˆa,µ = −1. As a result, the in-medium Lagrangian
of one given single polarization state a is
LIM,a ⊃− 1
4
Fa,µνF
µν
a −
1
4
F ′a,µνF
′µν
a +
1
2
mA′
2A′a,µA
′µ
a
+
1
2
piaAa,νA
ν
a + κpiaAa,µA
′µ
a + e(Aa,µ + κA
′
a,µ)J
µ
em.
(B.3)
The mixing between the photon and dark photon fields can be rotated away by making
another field redefinition,
Aa,µ = A˜a,µ +
κpia
m2A′ − pia
A˜′a,µ,
A′a,µ = A˜
′
a,µ −
κpia
m2A′ − pia
A˜a,µ.
(B.4)
Eventually, we arrive at the in-medium Lagrangian of the polarization state a presented in
the mass basis as1
LIM,a ⊃− 1
4
F˜a,µνF˜
µν
a −
1
4
F˜ ′a,µνF˜
′µν
a +
1
2
mA′
2A˜′a,µA˜
′µ
a
+
1
2
piaA˜a,νA˜
ν
a + e
(
A˜a,µ +
κm2A′
m2A′ − pia
A˜′a,µ
)
Jµem.
(B.5)
It is clear from equation (B.5) that the effective coupling between A˜′a and Jem is
eκeff,a =
eκmA′
2√
(mA′2 − Re pia)2 + (Im pia)2
, (B.6)
and the dark photon emission rate will be enhanced when Re pia approaches mA′
2.
1We note that the form of effective kinetic mixing presented in equation (B.5) works for all three polarization
states since they satisfy the same form of normalization, eˆµa eˆa,µ = −1.
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Figure 11. Dispersion relations for the transverse (right) and longitudinal (left) modes of SM
photons in the sun. (left) The red and blue solid curves denote the dispersion relations of the
longitudinal mode at the center and at the edge of the sun, respectively. The black curve shows
the dispersion relation for a dark photon in a model with mA′ = 10
−1 eV. Dark photon resonant
emission can occur when the SM photon longitudinal dispersion curve intersects the dark photon
dispersion curve. This can happen for the range of |k| values bounded between the intersection points
(circles) on the red and blue curves. We note that the longitudinal plasma wave for |k| & 1/λD in
a nonrelativistic plasma suffers strong Landau damping as shown by the dashed lines. (right) The
colored solid curves denote the dispersion relations for the transverse mode in the sun. The red (blue)
dotted curve is the difference between red (blue) solid curve and the black dark photon curve for each
|k| value. The dispersion relation curve for SM photons in the transverse mode never intersects the
dispersion relation curve for a dark photon.
B.1 Example: resonant dark photon emission in a nonrelativistic plasma
References [10, 14, 15] have pointed out the importance of plasma effects in the dark photon
emission rate in the sun and in horizontal branch stars when mA′ < 10 eV. Here we use the
plasma dispersion relation to interpret these results.
In compact objects, the electron plasma frequency is many orders of magnitude higher
than electron cyclotron frequency. As far as the ordinary electromagnetic (transverse) and
electrostatic (longitudinal) modes are concerned, the plasma in such conditions can be treated
as unmagnetized and isotropic. A SM photon propagating in this environment would then
acquire an effective in-medium mass, Repia, where the general form of pia is given in equa-
tions (A.4) and (A.5). With the presence of a dark photon with mass mA′ , dark photon
resonant emission occurs when mA′
2 = Repia. This statement is equivalent to saying that the
resonance happens when there is a solution of (ω,k) that satisfies both the dispersion relations
for the dark photon, ω2 = |k|2+m2A′ , and for in-medium SM photons, ω2 = |k|2+Repia (ω,k).
While these two dispersion relations are similar in structure, they dictate quite different be-
havior in a nonrelativistic plasma such as that in the sun or in horizontal branch stars.
In figure 11, we take the sun as an example of the nonrelativistic plasma environment
and show the dispersion relations for in-medium photons and for a dark photon. We consider
a range of radius r from the center of the sun to 95% of the solar radius, r ≤ 0.95R.
Electrons and protons in the sun are nonrelativistic. The dispersion relation for longitudinal
EM oscillation in such an environment is ω ≈ ωp when |k| . 1/λD, where λD denotes Debye
screening length. This behavior is evident for the solid lines in the left plot of figure 11. When
mA′ is less than the plasma frequency at around the edge of the sun, ωp|r=0.95R ∼ 1 eV,
the dispersion relation curve for the longitudinal EM oscillation may cross the dispersion
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relation curve for the dark photon at any given radius. That is, nearly the entire sun could
radiate longitudinal dark photons resonantly. On the other hand, the transverse dark photon
dispersion relation curve never intersects the dark photon dispersion relation curve, as is
evident in the right plot of figure 11.
C Dark photon emission rate
In this appendix, we calculate the lepton-pair annihilation rate and the relevant corresponding
matrix elements. Here we follow the discussion of this physics in appendix B of Ref. [25].
The ΓprodAa shown in equation (2.3) is the annihilation rate for the processes ll¯ → Aa or
qq¯ → Aa. In the following, we take the lepton-pair annihilation case as an example. Denoting
p and q as the four-momenta of two annihilating leptons, and k = p+q as the four-momentum
for Aa, the annihilation rate for the process ll¯→ Aa is
ΓprodAa (ω) =
1
2ω
∫
d3p
(2pi)3 2Ep
d3q
(2pi)3 2Eq
(2pi)4 δ(4) (k − p− q) fl (Ep) fl¯ (Eq)
∣∣Mll¯→Aa∣∣2
=
1
16piω
∫ |p|2d|p| d cos θ
EpEq
fl (Ep) fl¯ (Eq) δ (ω − Ep − Eq)
∣∣Mll¯→Aa∣∣2,
(C.1)
where θ denotes the angle between the three-vectors k and p. Using the identity δ (g (x)) =∑
i δ(x− xi)/|g′(xi)|, we write the Dirac delta function shown in equation (C.1) as
δ (ω − Ep − Eq) =
∑
i
δ (cos θ − cos θi)
/∣∣∣∣ |p||k|√
m2l + |p|2 + |k|2 − 2|p||k| cos θi
∣∣∣∣, (C.2)
where cos θi =
2ωEp−mA′2
2|p||k| . Since cos
2 θi ≤ 1, we obtain the maximum and minimum values
of Ep,
Ep,max =
ω
2
+
|k|
2
√
1− 4 ml
2
mA′2
, and Ep,min =
ω
2
− |k|
2
√
1− 4 ml
2
mA′2
. (C.3)
(Note that Ep,min ≥ me.) Integrated over θ, the annihilation rate for lepton pairs in equa-
tion (C.1) becomes
ΓprodAa (ω) =
1
16piω|k|
∫ Ep,max
Ep,min
dEp fl (Ep) fl¯ (ω − Ep)
∣∣Mll¯→Aa∣∣2. (C.4)
The calculation of the annihilation rate for free quarks-pairs is the same as the above calcu-
lation for the annihilation rate of lepton-pairs.
The effective coupling of A′a to J
µ
em shown in equation (2.1) indicates that the dark
photon emission rate, ΓprodA′a
, is a factor κeff smaller than Γ
prod
Aa
. As a result, the integrated
dark photon emission rate in a dense medium is given by
Γ¯prodA′a
=
∫
d3k
(2pi)3
κ2eff,a Γ
prod
Aa
(ω) . (C.5)
The matrix element in equation (C.4) is
Mll¯→Aa = v¯ (pl) (−ieγµ)u (ql¯) ε∗a,µ (k) , (C.6)
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where εµa is the external polarization state of photon Aµ. The squared matrix element for
the transverse mode is evaluated by summing over the initial lepton spin states and the two
final transverse photon states. This gives
∑
ll¯ spins,±T
∣∣∣Mll¯→A±T∣∣∣2 = 4e2 Tr[ (/q −m) γµ (/p+m) γν] (0, 1, 1, 0)µν, diag
= 16piα
(
mA′
2 − 2|p|2 sin2 θ) . (C.7)
The squared matrix element for longitudinal mode is evaluated by summing over initial lepton
spin states. This gives
∑
ll¯ spins
∣∣Mll¯→AL∣∣2 = 4e2 Tr[ (/q −m) γµ (/p+m) γν]

k2 0 0 −ωk
0 0 0 0
0 0 0 0
−ωk 0 0 ω2

µν
= 16piα
[
1
2
mA′
2 − 2
mA′2
(|k|Ep − ω|p| cos θ)2
]
.
(C.8)
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